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FORTRAN PROGRAM FOR PLUG NOZZLE DESIGN
By

Che-Ching Lee* and Donald D. Thompson
ABSTRACT

Two FORTRAN computer programs for the design of pure ex-
ternal and internal-external expansion plug nozzles are described. The
program output includes the contour of the nozzle and various perform-
ance parameters. This design method is based on simple wave flow
concepts,
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LIST OF SYMBOLS

A Surface area of Prandtl-Meyer expansion wave after it is
revolved about the plug axis

a Length of triangleb side

b Length of triangle side

Cs Thrust coefficient

F ‘Thrust

f Function

g Constant of proportionality in Newton's second law

ht Width of throat gap on pure external expansion plug nozzle
Isp Specific impulse

L Chord length of internal circular arc contour

M Mach number

M:* Ratio of local velocity to velocity at sonic flow conditions
m Mass flow rate

N Number of contour points computed on pure external expansion
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N1 Number of internal contour points computed on internal-
external expansion plug nozzle ‘
N2 Number of external contour points computed on internal-
4 external expansion plug nozzle
n Any number of the series 0,1,2,..... n
P Static pressure
X Axial distance from lip of shroud
Y
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Greek Symbols

u

8 Central angle between the radius to point p and that to
any point x, on the internal circular arc contour of an
internal-external expansion plug nozzle

0% Ratio of specific heats

A Small increment

5 Angle between plug axis and sonic line on pure external
expansion plug nozzle

€ Expansion ratio

® Angle between plug axis and Prandtl-Meyer expansion wave

K Mach angle

1% Prandtl-Meyer turning or expansion angle

¢ Mass density

0 Flow angle measured from plug axis

Y Slope of chord of internal circular arc contpur
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ei Condition at end of internal expansion

R Radius from plug axis

Ry Radius of internal circular arc contour

‘T - Temperature
A% Velocity on expansion wave through the point indicated by

subscript
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FORTRAN SYMBOLS

CFL CF Optimum thrust coefficient
opt

DELTA ) Angle between plug axis and sonic line on
pure external expansion plug nozzle

G g Constant of proportionality in Newton's
second law

GAMA 0% Ratio of specific heats

GAM(I) 0% Ratio of specific heats in thermodynamic
table

HT hy/Rg Ratio of throat gap to the radius at the
shroud on pure external plug nozzle

HM(I) M Mach number in thermodynamic table

NT Number of thermodynamic data

PAPC Pa/Pc Ratio of atmospheric pressure to chamber
pressure

PXPC P /P, Ratio of pressure at point x to chamber
pressure

PEIPC Pe;/P. Ratio of pressure at end of internal expansion
to chamber pressure

PHT ¢ Angle of sonic surface to plug axis

R R Gas constant

RM Me Exit Mach number

RMEI Mg; Mach number at end of internal expansion

RRRE Rr/Re Radius of internal circular arc contour to

shroud radius
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FORTRAN SYMBOLS (CONCLUDED)

RXRE R Ratio of radius of point x to radius of shroud

X
SUMCG Chvacx Cumulative vacuum thrust coefficient
SUMIM I Cumulative specific impulse
SUMVA Isvac Cumulative vacuum specific impulse
TE T Exit temperature
VE v Exit Prandtl-Meyer turning angle
XP £ Expansion ratio
XM Mx Mach number at the contour
XXRE Xx/Re Ratio of x co-ordinate of point x to radius

of shroud
£
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TECHNICAL MEMORANDUM X-53019

FORTRAN PROGRAM FOR PLUG NOZZLE DESIGN

SUMMARY

Two FORTRAN computer programs for the design of pure external
and internal-external expansion plug nozzles are described. The pro-
gram output includes the contour of the nozzle and various performance
parameters, This design method is based on simple wave flow concepts.

The IBM program outlined will design optimum plug nozzles; atten-
tion is called to the strong influence of base pressure on optimum plug
nozzle design.

INTRODUCTION

The need for investigation of the application of plug nozzles arose
out of efforts to develop advanced engines for large booster vehicles.
This report answers a portion of that requirement, because it establishes
a capability for plug nozzle design,

Two FORTRAN computer programs are described; these provide
simple schemes for the design of a plug nozzle contour, but become
inaccurate as the axis of symmetry is approached. The theoretical
method is based on simple wave flow concepts described by T. L, Dymond
(Ref, 1).

A complete description of the FORTRAN computer programs
(including a derivation of the formula is presented). The ratio of
specific heats may be input either as a constant value or as a function
of Mach number. The thrust coefficient, specific impulse, and dimen-
sionless contour co-ordinates are computed at small increments along
the axis of symmetry.
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DESIGN THEORY

Design of External Expansion Plug Nozzles

In one-dimensional isentropic supersonic flow, an area ratio
based on throat area can be written as follows:

v+1

%”z‘lﬁ{(TZﬁ) (”Y—TI’MZ)] Y (1)

where ¢ is defined as an expansion ratio. By rearranging equation
(1), a function can be obtained to calculate exit Mach number:

Y+ 1

2+ (y -1) M;] 2(y-1)
Y +1

f(Me) = Mge -[

Expanding this function in a Taylor's series:

f(M M) = f{(M £l M + "M AM?
( e+A )—( e)+ (Me)A + ' e)—'z"'—
n
M
PR # M) —S3 4 eeees (3)
where:
3-Y
SRR N UIES D V%
e—6"Me y +1

Truncate equation (3) at the first two terms, and assume a
value Mest for Me, and solve for a AM:

M
A1\/]:0 - . f'( esto) (4)
t (Mesto)
» A new approximation for M, is:
Mestl: Mesto + AM, (5)

By carrying on this process until AM is within the desired limit,
the exit Mach number can be obtained.
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From the Prandtl—Meyei‘ relation, a total flow turning angle can
be calculated by using the following equation:

(I

’Y -
From the geometry of FIG 1, the following relations of throat
gap can be obtained:

Ve ('Y ) "[ (Mg -1)]-tan (M -1)  (6)

a =h, cosd (7)
b = ht sind (8)
R.= R, - hy sind (9)
1
=7 ht(Z Re - ht sind)
or
2
R .
l?§= Tht (2 Rg - hy 8ind) (11)
Solving the dimensionless parameter, ht/Re’ in (11),
1
ht  _ €-[e'(e - sin 6] 2 (12)

Re e sin &

The optimum thrust coefficient, CF ¢ can be calculated from the
following equaticn., opt

Cp = m Ve - (AL V) Ve o ptViVe _ ptVe® Mg (13)
~ opt PeAg P:At Pe Pe

“By the definition of the velocity of sound in a perfect gas

P
v, = -t (14)
Pt

H ¥ ¥ B I B N KK H O B H B UM I BE B E LC E



Equation (13) can be reduced to:

sk Pt
CFopt_ v Me (—P—) ’

(S
_y+1
2(y -1) -1
2 vy -1 .2 2

The following procedure of calculation is for determining the
plug contour. The Mach number on the plug surface is increased
from M, =1 at the throat to My = M, at the tip by regular incre-
ments Mjp,.

 _Me -1
Min = —x (16)

M

o =1+ X My, (17)

The area of the revolved expansion wave is given by:

1
Ag= T (Re - Ry) [X + (Re - Ry 2 (18)
From the geometry of FIG 2
Re‘ R'x
tan¢ = —x—— (19)
X
Solving equations (18) and (19), one obtains:
A o T (Re® - Ry%) (20)
x "~ sin ¢y
From the geometry of FIG 2
by = Vg = Vx + By (21)
4 Substitute equation (21) into (20),
2 2
_ T (Re -Ry ) (22)
x = ST (Ve - Uy T )
5
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The mass flow through the revolved expansion wave is:

my = py Ay Vy sin p (23)
The mass flow tﬁrough the throat is:

my = p, Ay Vi . (24)

The mass flow through these two sections should be equal;
therefore, A_ can be determined as follows:

X
Pt Ag
A = e (25)
&‘ K’f sin My
Pe Vt
Equations (20) and (25) are then solved for Ry:
_y+l .
2{v-1) 3
2 v-1 2) .
R, s [('Y+1 )(1 + =5 M, ] sin (Ve-vy+ px) (26)
Re €

Once R, value is determined, Xy can be calculated by using
equation (19).

The pressure ratio at point X can be calculated by using
the following relationship:

- Y
_ 5 T
Py :(1_,_ x-1 Mg{) Y (27)
Pe 2

The cumulative thrust is made up of the momentum flux
and the pressure thrust at the throat surface plus the pressure
integral down the plug to the point in question

F,=mg V, sind + (P, - P_) A, sind +f(pX -P,)dA (28)

&
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The corresponding specific impulse is:

m V, sind (P; - P,) At sind (P - Py)
Ig = + + (29)
mt py At Vi pr At Vi
Vi sind (P - Py) P, V, j‘(PX - P,) dA
= V, siné + + (30)
t Pt vP P A
by XLt Pt"'—t e t
Pt Pt

. V, sin & , P, Pe Vi P,
_Vt51n +-—_'Y—_ —TD—;'EE-*- v Pt

J‘(P -P.) dA
X a
P Al

e

Using isentropic relations and writing the last term in finite difference
form

. 9 N2
[( Ry ) Ry ]
Re n-1 Re /o

The vacuum thrust coefficient is:

2 Mt Vi sind Pi At sind [‘px dA
CFiac = ¥ = (32)
vac Pe At Pe A¢ J Pe At
2 .
[ee Ay Vy sind , Dt sins +jpx dA
P, A P, P A_
TPt . v
_ Pt [N sin 6 +( > )_'Y_:-l_ +J‘PX dA
Po ¥ +1 Pe AX
7
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(equati-on 32 continued)
Y

v-1 N P P R
2 é
=('Y+1) (v +1) sind +Z Ee[(Pi\) . PX x)
n=1 ". e /.1 e Re
- n-1
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Design of Internal-External Expansion Plug Nozzles

The following assumptions are made: (1) the internal expansion
occurs as a simple wave expansion; (2) the external expansion occurs as
a center simple wave or Prandtl-Meyer expansion about the lip of the

shroud.

Equations (2), (3), (4), (5), and (6) are used to calculate the exit
Mach number and the total flow turning angle. If the pressure ratio at
the end of internal expansion, P.;/Pe is specified, the Mach number
at the end of internal expansion can be determined by using the follow-

. c 1
ing equation: -1 1

2 Pei\ ~ 7 1
Mg; = 7_1[(130 ) “] (33)

The internal flow turning angle can be obtained from the Prandtl-Meyer
relation:

Vei = (_%T_}.—.) : tan'1 [% (Megi? -1) ] : -’ca.n.-1 (Mgj?2 _1)% (34)
The slope of the last internal expansion wave is:

Pei= Oei T Pei : (35)
where:

Bei= O - Vei (36)

Since point P, the origin of the last internal expansion wave, is
located on the plug contour, equations (19) and (26) can be used

to calculate its co-ordinates: v +1
. 2(y -1) )
Ry [( 2 1) (1_3/_- 1 Meiz)] sin ¢ei
_=[1 &= Z ] -
Re €
9
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p -1
*p . Re (38)
Re  tan g

The first part of the contour calculation is similar to those
of the previous section:

Mej -1
Min = N) (39)
M, =1+ xM;, (40)

The Prandtl-Meyer angle at any location is now calculated

from:
1 1
2 _ _ 2 _ 2 1
. :(%) tan I[H (sz-l)} ~tan” ' (M, -1)2 (41)

The flow of point P is assumed to be perpendicular to the
radius of the circular arc contour. The central angle, B

X’
can be obtained from:
By = b - 90° -y + (0 (42)
The chord length is equal to:
Ly |
R, = Z—R-; sin —— Bx (43)
From the geometry of FIG 3:
180 -
Gy =180 - dp+Vy- — B x (44)
The co-ordinates of the point Xl can be determined from the
following equations:
* &J :_i) +LX sianx (45)
Re Re € and
X X L 46
X1=_P - Xcosd{:x (46)
R R R
e e e
10
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The derivation of the calculation of point XZ is similar to
that used in equation (26).

. y +1 :
; 2(y-1)

Rx Rx4 2 y -1 2)

2 e 1M : (47)
R - ( R ) + (YH) (l + =5 My sin ¢y
X X e
Re Re tan ¢X

where:

bx = 2Vej - Ve - Vx iy (49)

Equation (27) can be used to calculate the pressure ratio at
points X and X2 . When M_ has been incremented from My =1
to My =M;, the design of the internal portion of the nozzle is
complete.

The external portion can be designed using the following
relations:

(1) The last expansion wave from the initial circular arc
contour at point P is a member of a family of left running waves
and intersects the lip of the shroud as shown in FIG 4.

(2) The remaining expansion to the exit Mach number occurs
about the lip of the shroud and is made up of a family of right-

running expansion waves.

(3) Flow properties on the first of the right-running wave
are equal to those on the last left-running wave.

(4) The external contour is determined in the same manner
as for a pure external expansion nozzle.

11
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The cumulative thrust is computed by considering the
momentum flux and pressure thrust at the first right-running
external expansion wave and the pressure integral on the
remainder of the plug.

Fy = my Vg cos 6q + (Pg - Pa) Ag sin ¢q +f (Py-P,) dA . (50)

Fx
Isp=-1’£-—l_t
Fqg - Pa) _. (Px - Fa)
= V. cos O +(_9.___ sin +f______ dA
q q Pq Vg bg pt Ay Vi
Y (51)
1 Pa ( 'Y_l %Y- Sin¢q
=Vq coseq+\71-_§_ 1+TMq —
e 9
Y
v-1 N, .
+_\£c ('Y"‘l) E —;[(Px ':Pa) +(~Px-Pa) ][R - (Rx)z]
Y 2 - n=1 Pe Fe ndlRe ] Re'n
where: 1
- y-1 2 - 2
Te (1 + > Me )
qu KR
Y-l 2
: 1+ 5= My
and B N
— -~ 1
-1 2
KR Te (1 + 5= M%)} -
Vi = Y +1
2

12
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The cumulative vacuum thrust coefficient can be calculated
as follows:

Pt V P 2
Fvacx P, Vi P, R P At
Pt Vq Pq qu
= Y Vt cos eq+sp_e 1 - E
N .
2 2 2
CY e[ (2) +(3§)][(5§) _(Rx)]
2 Pe n-1 Pen Re n-1 Re nd (52)

n=1

13
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THE FORTRAN PROGRAMS

Outline of External Expansion Plug Nozzle Design

This program was used to compute the example of design nozzle
contours shown in FIG 5, The vacuum thrust coefficient and vacuum
specific impulse distributions along the plug axis are shown in FIG 6
and FIG 7.

INPUT: (1) Estimated exit Mach number (obtained from isentropic
flow tables based on the expansion ratio and the ratio
of specific heats)

(2) Expansion ratio

(3) Number of contour points

(4) Gas constant

(5) Exit temperature

(6) Atmosphere pressure ratio

(7) Constant of proportionality in Newton's second law

(8) Ratio of spéciﬁc heats (constant or variable)
OUTPUT: (1) Angle between plug axis and sonic line

(2) Width of throat gap

(3) Optimum thrust coefficient

(4) Mach number distribution

(5) Co=~ordinates of plug contour
. (6) Pressure ratio at each point

(7) Cumulative vacuum thrust coefficient

(8) Cumulative specific impulse

(9) Cumulative vacuum specific impulse

14
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Outline of Internal-External Expansion Plug Nozzle Design

This program has been used to compute a few examples. The
results of design nozzle contour are shown in FIG 8, The vacuum
thrust coefficient and vacuum specific impulse distributions along the
plug axis are shown in FIG 9 and 10 respectively.

INPUT: (1) Number of internal contour points and external
contour points

(2) Pressure ratio at end of internal expansion
(3) Expansion ratio

(4) Radius of internal circular arc contour

(5) Estimated Mach number

(6) Angle between plug axis and Prandtl-Meyer
expansion wave at throat

(7) Gas constant

(8) Exist temperature

(9) Atmosphere pressure ratio
(10) Constant of proportionality in Newton's sedond law
(11) Ratio of specific heats (constant or variable)

OUTPUT: (1) Mach number distribution
(2) Co-ordinates of nozzle contour
(3) Pressure ratio at each point

(4) Cumulative vacuum thrust coefficient
(5) Cumulative specific impulse

(6) Cumulative vacuum specific impulse

15
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START

1

Read RM, XP, N,
R, TE, PAPC, G,
GAMA

Y

Compute RM

i

Compute CFO
DELTA, HT, VACIM
SPIM, SUMIM, SUMVA

XM =1.0

FLOW CHART OF EXTERNAL EXPANSION PLUG NOZZLES DESIGN

XM = XM + DRM|

Compute RXRE, XXRE,
PXPC, SUMCG, SUMIM
SUMVA

Does No

|

XM = RM

Yes

END
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FLOW CHART OF INTERNAL-EXTERNAL
EXPANSION PLUG NOZZLES DESIGN

START

\

Read N1, N2, PEIPC,
XP, RRRE, RM, PHT,
R, TE, PAPC, G

|

Compute
RM

\

Compute
RPRE, XPRE,
RMEI

XM =1.0

Y.

Compute
RXI1RE, XX1RE,
RX2RE, XX2RE

XM = XM+ DR >

(1 on pagel8)
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!

Compute RXRE,
XXRE, SUMCQG,
SUMIM, SUMVA

Y

XM = XM + DRM

END
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/

/Lip of Shroud

Section of Sonic Surface

FIG 1 - External Expansion Plug Nozzle Throat Configuration
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To Lip

Prandtl-Meyer Expansion
Wave through Point x ]

4
6 b
Vx Ve
8x
r
Bx &
<
%
[ N2
%
x .
Any point x on
R L:p . plug surface
e \
s—Xx >
Ry
}
|
+ - - — — Plug axis
4 FI1G 2 - External Expansion Plug Nozzle
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Vx
Ox

Section of Sonic Surface

/Lip of

FIG 3 - Internal Portion of Internal-External
Expansion Plug Nozzle

Left Running Expansion Waves from
Initial Circular Arc Contour

Section of Sonic Surface

P
Segment of Straight Line—"

Flow Boundary at Optimum

| Lip of Shroud Expansion

|

Right Running Expansion Waves from Lip

Flow
Plug

FIG 4 - Internal-External Expansion Plug Nozzle
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FIG 6 - Vacuum Thrust Coefficient Distribution Along the Axis of External Expansion
Plug Nozzles
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LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

c DESIGN OF EXTERNAL EXPANSICN PLUG NOZZLES
€ {NPUT GAS=+1.0 WHEN DEALING WITH IDEAL GAS
c INPUT GAS=-1.0 WHEN DEALING WITH REAL GAS

DIMENSION HM(30),GAM(30)
101 READIL,RM
READL,GAS
1 FORMAT(F4.0)
PRINT47,RM
47 FORMAT (1H1,8HESTIMATE, 1X,4HMACH,1X,6HNUMBER , 1H=4F10.5)
READ2, XPyN
2 FORMAT(F10.0,14)
PRINT102,XP
102 FORMAT (1HK y 9HEXPANSION, LX, SHRATIO, 1X, LH=,F10.5)
READ60,R,TE,PAPC,G
60 FORMAT (4F10.0)
PRINTS14R
51 FORMAT (LHK,3HGAS, 1Xy BHCONSTANT 1X, 1H=E14.7)
PRINT61,TE ’
61 FORMAT (LHK,4HEXIT,1Xs 11HTEMPERATURE, 1Xy1H=yE14.7)

~ -

PRINT53,PAPC

27
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10

45

49

46

13
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LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

FORMAT(1HK SHPA/PC,1X,1H=yELl4.T7)
IF(GAS) 444,10

READ3,GAMA

FORMAT (F5.0)

PRINT 45

FORMAT { 1HK y SHUSING, 1 Xy SHIDEAL y 1 Xy 3HGAS)
PRINT49,GAMA

FORMAT (1HK 9y 1Xy4HGAMA,1X,1H=yF5.2)

GO 10 9

REAL GAS HAS TO INPUT NT VALUES bF THERMODYNAMIC DATA
READS5 s NT

FORMAT(14)

PRINT 46

FORMAT { 1HK y SHUSING, 1 Xy 4HREAL 4 1 Xy 3HGAS)
DOBI=1,4NT

READO,HM (1) GAM(T)

FbRMAT(2F10.7)

CONTINUE

CONTINUE

IF{GAS)30,31,31

E I B HEH LKL E O L A B B B E E k

E

&



30

34

33

32

31

12

LIST OF FURTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

DO34J=1,NT

i=J

[F (RM=HM(J))32,33,34

CONT INUE

GAMA=GAM{I)

GO TO 31

GAMA=GAM(I=1)+ (RM—HM{T=1))% (GAM(I)=GAM{I-1))/ (HM(I)=HM(I=1))
FME=(2.0+(GAMA=1.0) #*RM*RM) / (GAMA+1.0)
COM={(GAMA+1.0)/(2.0%(GAMA=1.0))
FME=RM*XP~FME *#COM
FPM=(2.0+(GAMA=1.0)*RM*RM)/{GAMA+1.0)
COM=(3.0-GAMA) /(2. 0% [GAMA=1.C) )

FPM=XP-RM* (FPM**COM)

DM=—FME/FPM

RM=RM+DM

DM=ABSF {DM)

I[F(DM=0.00001)12,12,13

CONTINUE

A=SQRTF ((GAMA=1.0) % (RM*RM=-1.0)/ (GAMA+1.0))

B=SQRTF((GAMA+1.0)/(GAMA-1.0))

]
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LIST OF FORTRAN PRUGRAM

. DESIGN UF EXTERNAL EXPANSION PLUG NOZZLES

C=SQRTF (RM*RM=1.0)
C=ATANF(C)
VE=B*ATANF (A)-C
DELTA=1.570796-VE
SUMCG=((2.0/(GAMA+1.0) ) #% (GAMA/ (GAMA=1.))) % (GAMA+1.)*SINF(DELTA)
HT=(XP-SQRTF (XP# (XP=~SINF(DELTA))))/(XP*SINF (DELTA))
Al={GAMA+1.0)/(2.0%(GAMA=1.0))
B1=SURTF{1.0+40.5% (GAMA=1.0) *RM=RM)
CFO=GAMA*RM*( (2.0/ (GAMA+1.0) ) %%A1) /81
PCPT=(0.5%(GAMA+1.0) ) ** (GAMA/ (GAMA=1.0))
VT=1.0+0.5% (GAMA=1.0) #*RM*RM
VT=GAMA®R&TE*VT/(0.5% (GAMA+1.0))
VI=VT#*G
VI=SQRTF(VT)
SPIM=(1.0-PCPT#PAPC)/GAMA
SPIM=1.0+SPIM
SUMIM=VT#SINF(DELTA) *SPIM/G
VACIM=1.0+1.0/GAMA

» SUMVA=VT#SINF(DELTA)*VACIM/G

"PRINT 15

30
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LIST OF FORTRAN PRUGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

15 FURMAT(IHK,SHDELTA}QX,5HHT/RE,9X,5HCFOPT)_
PRINf 164DELTA,HT,CFO
16 FORMAT(1HK,3E 14.7)
XN=N
DRM={RM-1.0) /XN
XM=1.0
K=1
RXRE=1.,0-HT#SINF(DELTA)
XXRE=(—~HT)*COSF(DELTA)
[F(GAS)38,59,39
38 DO 37J=1,NJ
i=J
IF(XM-HM(J))35,36,437
37 CONTINUE
36 GAMA=GAMI(I)
GO0 TO 39
35 GAMA=GAM(I-15+(XM—HM(I—l))}(GAM(I)—GAM(I-l))/(HM(I)-HM(I—I))
39 A3=(-GAMA)/(GAMA-1.0)
PXPC={1.0+40.5%(GAMA~1.0) #XM*XM)##A3

PRINT17

31
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LIST OF FURTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

170FORMAT (1HK y 4HMACH , 10X 9 5HRX/RE 49Xy SHXX/RE 49Xy SHPX/PL 49X,y SHCFVAC,
19Xy 3HSP«» 1 Xy THIMPULSE y 3Xy4HVAC. y 1 X, THIMPULSE)
GO TO 22
14 K=K+1
50 IF(GAS)41,40,40
41 DO44J=1,NT
I=J
IF(XM=-HM{J))42+43+44
44 CONTINUE
43 GAMA=GAM(I)
GO TO 40
42 GAMA=GAM{I=1)+(XM=HM{I-1))*(GAM(I)=GAM(I~1))/(HM{I)=-HM(I-1))
40 A=SQRTF{(GAMA-1.0)#(XM#XM-1.0)/(GAMA+1.0))
B=SQRTF({GAMA+1.0)/(GAMA-1.0})
C=SQRTF(XM*XM=-1.0)
C=ATANFI(C)
VX=B#ATANF (A)—-C
Y=1.0/XM
2 UX=ATANF(Y/SQRTF(1.0-Y*Y))

A2=(GAMA+1.0)/(2.0%#(GAMA-1.))

32
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22

18

19

20

21

¢

LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

B2={2.C/{GAMA+1.0))#(1.0+0.5%(GAMA=1.0)*XM*XM)

RXRE= 1.0-(B2##A2)#SINF(VE-VX+UX)/XP

RXRE=SQRTF{RXRE)
XXRE={1.0-RXRE)*COSF({VE-VX+UX)/SINF(VE-VX+UX)
A3=({-GAMA)/(GAMA-1.0)

PXPC={1.04+0.5# (GAMA-1.0) #XMeXM) *2A3
SUMCG=SUMCG+0.5#XP*# (PRO+PXPC) # (RXO*RXO-RXRE*RXRE)
CO=PCPT=#VT=#XP/(G*GAMA)
SUMIM=SUMIM+0.5#CO*(PRO+PXPC~2.0%PAPC)* (RXO#RX0O-RXRE#RXRE)
SUMVA=SUMVA+0.5#C0O#* (PRO+PXPC) *# {RXO*RX0O-RXRE*RXRE)

PRINTL18 4 XMyRXRE ) XXREyPXPCySUMCG,SUMIM,SUMVA
FORMAT(1HK,7E1l4.7)

IF{K-N}19,19,20

XM=XM+DRM

PRO=PXPC

RX0=RXRE

GO TO 14

PRINT21

FORMAT(1HK, BHEXTERNAL 1X,9HEXPANSION,1Xy,6HNOZZLE,1X,7THCONTOUR)

GO TO 101
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LIST GF FURTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

END
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL—EXTER&AL EXPANSION PLUG NOZZLE

C DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLES
c {NPUT GAS=+1.0 WHEN DEALING WITH IDEAL GAS
c {NPUT GAS=-1.0 WHEN DEALING WITH REAL GAS

DIMENSION HM{30),GAM{30)
101 READ{S5,11) N1,N2

11 FORMAT(214) ) ‘

READ(5'1')GAS»PEIPC,XP.RRRE,RM,PHT
1 FORMAT (6F10.0)

WRITE (6,52) PEIPC

52, FORMAT (1HLy6HPEI/PCo1Xy 1H=0E14.7)
WRITE (6,53) XP

53 FORMAT(1HO,9HEXPANSION, LX,5HRATIO, 1Xy 1H=,F10.5)
WRITE (6,54) RRRE |

54 FORMAT{1HO,5HRR/RE1XslH=yE14.7)
WRITE (6,55) RM

55 FORMAT(1HO,8HESTIMATE, 1X;4HMACH, 1X, 6HNUMBER , 1X, 1H=E14. T)
WRITE (6,56) PHT n

56 FORMAT (1HOy3HPHT 1Xy 1H=yEL4.7)

. READ(5,66) R,TE,PAPC,G

" 66 FORMAT(4F10.0)

36
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

WRITEl6,67) TE
67 FORMAT (1HO,4HEXIT1Xy LLHTEMPERATUREs1X¢1H=4E14.T)
WRITE(6,68) PAPC
68 FORMAT(1HO,5HPA/PC,1X,1H=,EL14.7)
IF{GAS)4s4y2
2 READ{5,3) GAMA
3 FORMAT(F5.0)
WRITE 16457)
57 FORMAT(1HO,5HUSING,1X,5HIDEAL,1X,3HGAS)
60 TO 8 '
4 READ(5,5) NT
5 FORMAT(14)
DOTI=1,NT
READ(5,6) HM{1),GAM(I)
6 FORMAT(2E10.7)
7 CONTINUE
WRITE(6,51)
51 FORMAT(1HO,5HUSING,1Xy4HREAL, 1Xs3HGAS)
8 CONTINUE

34 1F({GAS)304+9,9
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

30 00 31 J = 1, NT
i=J
IF (RM=HM(J))33,32,31
31 CONTINUE
32 GAMA=GAM(I)
GO TO 9
33 GAMA=GAM(I-1)+(RM=HM{I~1))*(GAM(I)-GAM(I-1))/(HM(I)=HM{I-1))
9 EME=(2.0+(GAMA—1.0)*RM*RM)/(GAMA+1.0)
COM={GAMA+1.0) /(2. *(GAMA=1.0))
FME=RM*XP~FME % +COM
£PM=(2.0+(GAMA—1.0) *RM*RM)/ (GAMA+1.0)
COM={3.0-GAMA)/{2.0%(GAMA=1.0))
EPM=XP—RM* (FPM*«COM)
DM=—FME/FPM
RM=RM+DM
DM = ABS(DM)
IF(DM-0.00001)10,10,34
10 CONTINUE
Az (GAMA=1.0)% {RM*RM=1.0)/{GAMA+1.0)

A=SQRT (A)
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

A=ATAN (A)
B=SQRT ((GAMA+1.0)/(GAMA~1.0))
C=SQRT (RM*RM-1.0)
C=ATAN (C)
VE=B2A-C
RMEI=PEIPC*##((1.,0-GAMA)/GAMA) -
RMEI=(2.0/(GAMA-1.))#(RMEI-1.0)
RMEL=SQRT (RMEI)
IF(GAS)36435,35
36 DO 37 J = 1, NT
i=J
IF(RMEI-HM(J))39,38,37
37 CONTINUE
38 GAMA=GAM(1)
60 TO 35
39 GAMA=GAM(I~1)+{RM=HM(I-1))#(GAM(I)-GAM(I=-1))/(HM{I)=HM(I-1))
35 A=(GAMA-1.0)#*(RMEI*RMEI-1.0)/(GAMA+1.0)
A=SQRT (A)
A=ATAN (A)

B=SQRT ((GAMA+1.0)/(GAMA-1.0}))

39
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZIZLE

C=SQRT (RMEI*RMEI-1.0)
C=ATAN (C)
VEI=BA-C
Y=1.0/RMEI
UEI=ATAN (Y/SQRT (1.0-Y*Y))
THEI=VEI-VE
PHEI=THEI+UEI
c CALCULATE THE ORIGIN OF THE LAST INTERNAL EXPANSION WAVE
A1=(2.0/(GAMA+1.0))*(1.0+0.5% (GAMA—1.0) *RMEI#RMET)
Al=Alws((GAMA+1.0)/(2.0%(GAMA=1.0)))
B1=SIN (PHEI)
RPRE=SQRT (1.0-Al#B1/XP) -
XPRE={RPRE-1.0)%COS - {PHEI)/SIN (PHEI)
XN1sN1 |
DRM=(RMEI-1.0) /XNl
K=0
XM=1.0
WRITE(6417)
»  1TOFORMAT [ 1HO,4HMACH, 10X; 6HRX1/RE 8Xs 6HXX1/RE BX s 6HRX2/RE s BXy 6HXX2 /RE

148X, S5HPX/PC)
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

44 IF(GAS)40,12,12
40 DO 43 J = 1, NT
Ci=J
IF(XM=HM(J))41,42,43
43 CONTINUE
42 GAMA=GAM(I)
60 TO 12
41 GAMA=GAM(I-1)+(XM=HM(I-1))*(GAM(I)-GAM(I-1))/{HM(I)=HM{I-1))
12 A={GAMA-1.0)#*{XM2XM-1.0)/(GAMA+1.0)
A=SQRT (A)
A£ATAN (A)
B=SQRT ({GAMA+1.0)/{GAMA-1.0))
C=SQRT (XM#XM-1.0)
C=ATAN (C)
NX=A%B-C
BX=PHT—-1.570796-VX+ABS (THEI)
XLRE=2.0#RRRE*SIN (0.5%BX)
PSI=3.1416-PHT+VX~0.5#(3.1416-8X)
RXLIRE=RPRE+XLRE*SIN {PSI)

KX1RE=XPRE-XLRE*#COS (PSI)

41
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NDZZLE

{F(K)62,60,62

60 RX2RE=SQRT (RXLRE#RX1RE+SIN {PHT)/XP)
KX2RE=XX1RE+(RX2RE-RX1RE)#COS (PHT)/SIN (PHT)
GO TO 61

62 UX=ATAN (1.0/{XM#SQRT {1.0-(1.,0/XM)%%2)))
PHX=2.0%VEI-VE-VX+UX
A2=(2.0/({GAMA+1.0) )#(1.0+0.5%(GAMA-1.0)*XM%XM)
B82=0.5#(GAMA+1.0)/(GAMA-1.0)
RX2RE=SQRT (RX1RE#RX1RE+{A2##B2)#SIN (PHX)/XP)
XX2RE=XX1RE+(RX2RE-RXLRE)*COS (PHX)/SIN (PHX)

61 PXPC={1.040.5%(GAMA-1.0)%XM*XM)##(~GAMA/ (GAMA-1.0))
WRITE(6413)XMyRX1RE)XX1RE yRX2RE 4 XX2REy PXPC

13 FORMAT(L1HO,6E14.7)
K=K+1
IF(K~N1)14,14,15

14 XM=XM+DRM
GO TO 44

15 WRITE(6,16)
+ 160FORMAT(1HO,8HINTERNAL 51X, THPORTION,1Xy2HOF,1Xy3HTHE,1Xy 6HNOZZLE,1X

192HISs 1X»8HCOMPLETE)
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LIST OF FURTRAN PROGRAM

DESIGN OF INTERNAL—EXTERNAL EXPANSION PLUG NOZZLE

C  DESIGN OF EXTERNAL CONTOUR
WRITE(6918)
180FORMAT ( 1HO  4HMACH, LOX ¢ SHRX/RE 1 X s SHXX/RE » 9X» SHPX/PC » 9X ¢ SHCFVAC
19Xy 3HSP« » 1X» THIMPULSE y 2X» 4HVAC « y LX» THIMPUL SE)
UX=ATAN (1.0/(XM#SQRT (1.0-(1.0/XM)#%2)))
A=SQRT ((GAMA=1.0)%(XM#XM=1.0)/(GAMA+1.0) )
A=ATAN (A) |
B=SQRT ((GAMA+1.0)/(GAMA=1.0))
C=SQRT (XM*XM=1.0)
C=ATAN (C)
VX=B*A—C
RXRE=(2.0/(GAMA+1.0))#(1.0+0.5%(GAMA=1.0)*XM*XM)
RXRE=RXRE#*¥( (GAMA+1.0)/(2.0%(GAMA=1.0)))
RXRE=1.0-RXRE*SIN (VE=VX+UX)/XP
RXRE=SQRT (RXRE)
XXRE={1.0-RXRE)*COS (VE-VX+UX)/SIN (VE-VX+UX)
C1=(2.0/(GAMA+1.0) ) #* (GAMA/ (GAMA=1.0))
C2=SQRT ((0.5%(GAMA+1.0)#XM*XM)/(1.0+0.5%(GAMA=1.0)*XMeXM))
SUMCG=GAMA#C1#C2%COS (THEI)4+XP#PXPC#(1.0-RXRE*RXRE)

VTI=TE#(1.0+0.5%(GAMA~1.0) #RM*RM)

43
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LIST OF FORTRAN PROUGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

VT =GAMA®G¥R%VT /(04 5%( GAMA+1.0))
VI=SQRT (VT)
VQ=TE*(1.0+0.5%(GAMA=1.0) *RM*RM)
VC=1.040.5%(GAMA=1.0) % XM&XM
VQ=GAMA*R*G*VQ/VC |
VQ=SQRT (VQ)
A=1.0+0.5% (GAMA=1.0)%XM#XM
B=—GAMA/ (GAMA=1.0)
A=Awuf
C=1.0-PAPC*A*SIN (PHEI)/(XM*XM)
D=COS (THEI)+C/GAMA
SUMIM=VQ#D/G
CO=COS (THEI)+1.0/GAMA
SUMVA=VQ#CO/G
WRITE(6,19)XMyRXRE y XXRE s PXPC o SUMCG, SUMIM, SUMVA

19 FORMAT (LHO,7ELl4.7)
Kl=1
XN2=N2

R DRM= (RM=XM) /XN2

XM=XM+DRM

44
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46

49

48

47

45

LIST OF FGRTRAN PRUGRAM

DESIGN OF INTERNAL-EXTLRNAL EXPANSIGN PLUG NOZZLE

PRO=pPXPC

RX0O=RXRE

UK=ATAN (1.0/(XM#SQRT (1.0-(1.0/XM)#%2)))
IF(GAS)46,45,45

DO 49 J = 1, NT

I=J

TF{XM-HM{J) 47,4849

CONTINUE

GAMA=GAM(I])

GO TO 45
GAMA=GAM{I-1)+(XM=HM(I-1))#{GAM(9)-GAM(I-1))/(HM(I)-HM({I=-1))
A=SQRT ((GAMA-1.0)*{XM*XM~1.0}/(GAMA+]1.0))

A=ATAN (A) |

B=SQRT ((GAMA+1.0)/(GAMA-1.0))

C=SQRT (XM#XM-1.0)

C=ATAN (C)

VX=B=#A-C

RXRE= (2.0/(GAMA+1.0))#(1.0+0.5%{GAMA-1.0) #XM*XM)
RXRE=RXRE## ( (GAMA+1.0)*0.5/{GAMA-1.0))

RXRE=SQRT {1l.0-RXRE#SIN (VE-VX+UX)/XP)

45
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L15T UOF FGRTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSIUN PLUG NOZZLE

65 XXRE=(1.0—-RXRE)#COS (VE-VX+UX}/SIN (VE-VX+UX)
PXPC=(1.0+O.5*(GAMA-I.O)#XM*XM)**(—GAMA/(GAMA—l.O))
SUMCG=SUMCG+0.5%#XP# (PRC+PXPC) # (RXU#RXO-RXRE#RXRE)
A=GAMA/(GAMA-1.0)

A={0.5%#(GAMA+1.0) ) #%A
A=A%VT/ (GAMA*G)
B=0.5#A%XP
SUMIM=SUMIM+B#* (PRC+PXPC-2.0=#PAPC) # (RXU#RXO-RXRE#RXRE)
- SUMVA=SUMVA+B8# (PRU+PXPC) # {RXO#RXO—~RXRE®RXRE)
WRITE(6921)XMy,RXRE §XXREPXPC,SUMCG,SUMIM,SUMVA
21 FORMAT(1HO,7E14.7)
IF{K1-N2)22,23,23

22 XM=XM+DRM
PRC=PXPC
RXC=RXRE
Kl1=K1l+1
GO TO 50

23 WRITE(6,24)

240FORMAT (1HO y SHEXTERNAL ¢ 1 Xy THPORTIOUNy 1 Xy 2HOF 3 L X9 3HTHE s 1 X4 6HNOZZLE 1 X

1,2HIS,1X,8HCOMPLETE)
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LIST CF FUORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

GO TOU 101

END

47
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